INTRODUCTION
At present, cloning of nucleic acids is carried out in vivo. The cloning procedure comprises a series of steps including insertion of nucleic acids into suitable cloning vectors such as plasmids or viral genomes, transformation of living cells with the resultant recombinant molecules, and obtaining transformed cell colonies or virus plaques on the surface of nutrient agar (1). This procedure takes advantage of (i) the exponential kinetics of cell or virus growth that allows a great number of their progeny to be obtained in a short time starting with single transformed cells, and (ii) the immobilization of cells and viruses in agar gel resulting in the accumulation of the progeny within a limited zone surrounding each originally transformed cell. The procedure is often called molecular cloning which is not quite correct, since the cloned entities are living cells or viruses rather than molecules themselves and the recombinant nucleic acid molecules are amplified within cell milieu together with the host DNA and RNA.
Recently we have found that RNA molecules can produce detectable colonies if amplified in vitro in an agarose layer containing ribonucleoside triphosphates and purified Qy3 replicase (2). This enzyme, the RNA-directed RNA polymerase of coliphage Q/J, was long known for its ability to exponentially amplify certain RNAs (RQ RNAs) in vitro under isothermal conditions producing roughly equal amounts of the plus and minus strands (3) (4) (5) . The RNA colony technique enabled us to show that the mysterious 'spontaneous' RNA synthesis manifested by purified Q/3 replicase in the absence of added template is mainly caused by airborne RQ RNA contaminants (2). However, the method in its original format was hardly suitable for cloning purposes as the colonies obtained were too diffuse and often overlapped each other because of the small size of RQ RNAs as compared with bacteria and viruses.
Here we report an advanced RNA colony procedure whose resolving power approaches that of the cell colony and virus plaque techniques. The capability of the new method to serve as a means for true molecular cloning is demonstrated by the findings that the number of RNA colonies is proportional and close to the number of RNA molecules seeded, and that when a mixture of different RQ RNA species is used these species are found in different colonies. This method can be used as an efficient tool for cloning and selection of spontaneously formed recombinant and mutant RQ RNAs, and for ultrasensitive assays of viruses and microorganisms.
MATERIALS AND METHODS Template RNAs and RNA probes
The template RQ87_ 3 , RQ120_ 2 and RQ135_, RNAs (minus strands) were prepared by runoff transcription in the presence of [a- 32 P]CTP labeled at a low specific activity utilizing T7 RNA polymerase (6) and Smal-digested plasmids pT7RQ87_ 3 (-), pT7RQ120_ 2 (-) and pT7RQ135_,(-), respectively, generously provided by Dr. Munishkin from this laboratory. The plasmids contained the T7 promoter:RQ cDNA sequence constructs inserted into plasmid pUC18 between sites Hindm and Smal. Transcription of the Smal-digested plasmids resulted in RQ RNAs possessing the correct 5'-GGG... and...CCC-3' termini. The transcripts were purified by electrophoresis through polyacrylamide gel (1), detected by autoradiography, and eluted from gel slices by phenol extraction (7). The RNA concentration was assessed both spectrophotometrically and by the label specific activity. For cloning experiments die RNA was diluted in steps by a factor
• To whom correspondence should be addressed of 100; the dilution error was estimated to be « 10% at each step amounting to a 40-50% error in the final dilution.
The same RQ RNAs were also used as probes in colony hybridizations. The radioactive probes were prepared by transcription utilizing 0.05 mM [a- 32 P]CTP to obtaiñ 10 5 cpm of Cerenkov radiation per 1 ng of probe. The probes were treated with DNase, extracted with phenol and then purified utilizing Elutip minicolumns (Schleicher & Schuell).
RNA replication in immobilized medium
A thin enzyme-containing agarose layer was prepared as follows. An agarose powder (ultra-low gelling temperature agarose type DC, Sigma) was melted by heating in water bath in the autoclaved buffer A (80 mM Tris-HCl pH 7.8, 2 mM MgCl 2 , 1 mM EDTA, 20% glycerol), then cooled to 40°C and mixed by vortexing with concentrated solutions of purified Q/3 replicase (8) and acetylated bovine serum albumin. The final concentrations of agarose, Q/3 replicase and albumin were 2%, 35 /ig/ml and 1 mg/ml, respectively. The solution was briefly spun to remove air bubbles. Approximately 0.13 ml of this solution was cast into a 0.4 mm-thick layer between the bottom of a Falcon polystyrene dish and a Corning microscopy glass cover slip. During casting the dish was kept at 37 °C on a thermostated plate and then was left on ice for 1 to 2 hours.
To initiate the Q/3 replicase reaction me glass slip was replaced by a 20x20 mm nylon blotting membrane moistened with 35 /xl of the substrate solution (4 mM each of ATP, GTP, CTP and UTP prepared in buffer B: 80 mM Tris-HCl pH 7.8, 25 mM MgCl 2 , 1 mM EDTA, 10% glycerol) and dried. Where indicated a few microliters of the diluted RQ RNA solutions were either added into the substrate solution or spread on the agarose surface before application of the membrane. RNA replication reactions were carried out by incubating the agarose-membrane sandwiches in tightly closed dishes for 30-40 min at room temperature.
After incubation the substrate membrane was immersed in an ice-cold fixing solution (3% phosphoric acid, 50 mM Na4P 2 O7, 1 mM EDTA). In some experiments a second nylon membrane was applied to the agarose layer for 10 min on ice and then fixed as above to prepare a replica. The membranes were washed by shaking in 3 changes of the fixing solution and once in 50% ethanol and dried. When indicated the RNA colonies were visualized either by staining the agarose layer with 0.1 ml of 5 /tg/ml ethidium bromide (9) or by exposing the dry membranes to an X-ray film. In the latter case, = 10 /iCi of [a-32 P]CTP was introduced into the substrate solution prior to replication.
RNA colony hybridization
A dry substrate or replica membrane was soaked for 5 min at 65 °C on a filter paper pad moistened with a denaturing solution containing 6% formaldehyde, 50% formamide, 50 mM Naphosphate buffer pH 7.0, and 1 mM EDTA. The RNA was then cross-linked to the membrane in the Stratagene UV cross-linker at 160 /J/cm 2 . The membrane was rinsed in 1 X SSC (15 mM Na-citrate pH 7.0, 150 mM NaCl) and hybridized (without prehybridization) with a labeled probe by overnight incubation in a sealed bag between sheets of Whatman 3MM paper (10) moistened with the hybridization solution containing 4 x SSPE (1 x SSPE contained 10 mM Na-phosphate pH 7.7, 180 mM NaCl and 1 mM EDTA), 1 % SDS (sodium dodecyl sulfate), 50% formamide, and 2 to 5 x 10 6 cpm/ml of an appropriate pPJ-labeled RQ RNA transcript. The hybridization temperature (2). The lower layer contained nucleotide substrates and the upper layer Q0 replicase. The medium was prepared outside the laboratory to reduce eventual contamination with RQ RNAs. Agarose was stained with ethidium bromide after 40 min of incubation at room temperature. (B) Spontaneous colonies grown in parallel to those in (A) in the sandwich medium described in Materials and Methods in the presence of [a-^PJCTP. The medium was prepared in the laboratory where RQ RNAs were frequently used. After 40 min of incubation at room temperature the substratecontaining nylon membrane was removed, fixed in acid, washed and exposed to an X-ray film to reveal RNA colonies. (1) A blank membrane obtained in the experiment in which the agarose layer did not contain Q/3 replicase; (2) the original (substrate) membrane and (3) the replica prepared from the same agarose layer containing Q/J replicase. (Q Colonies grown in the sandwich medium with »200 molecules of the unlabeled RQ87_ 3 (-) RNA transcript added to the substrate membrane. Hybridization of (1) the substrate membrane and (2) was calculated according to the known formula (11). After hybridization the membrane was washed by shaking in a solution containing 1X SSPE and 0.5% SDS, three times for 15 min each time at room temperature and once for 15 min at 65°C. A wet membrane was exposed in a Saran wrap to an X-ray film at room temperature with an intensifying screen. A second probe hybridization was carried out after boiling the membrane in 0.1 % SDS to strip the first probe (12).
RESULTS

Growing RNA colonies in immobilized media
Because of the high rate of RQ RNA replication it is essential that amplification reaction is not allowed to start prior to the complete immobilization of the reaction medium. In our early experiments we used a medium prepared from two layers of agarose (=1.5 mm thick) cast one on top of the other in a Petri dish, one layer containing Q/3 replicase and die other layer Nucleic Acids Research, 1993, Vol. 21, No. (1), (2) and (3), respectively. containing nucleotide substrates (2). In such a format, RNA amplification started after casting of the second layer and was controlled by the diffusion of the substrates into the enzyme layer. However, because of the small size of the RQ RNA molecules the RNA colonies obtained were too diffuse (Figure 1A and Ref. 2) . Other disadvantages were the large consumption of the enzyme and other biochemicals, the formation of a meniscus along the dish walls, and the need for a special RNA transfer step before the RNA colonies could be analyzed (e.g. with hybridization probes).
In the present procedure all these problems are solved simultaneously by employing a composite sandwich medium comprised of a thin agarose-based enzyme layer cast between two surfaces, and a nylon-based blotting membrane impregnated with the substrates. The use of thinner layers decreased the consumption of all biochemicals by an order of magnitude. The introduction of nylon membranes resulted in much sharper colonies ( Figures IB, 1C and subsequent figures) , presumably because of the reversible immobilization of RNA molecules on the membrane surface due to hydrophobic and/or ionic interactions. Such membrane types as Nytran (Schleicher and Schuell), Biodyne A and Biodyne B (Pall BioSupport) with pore sizes ranging from 0.1 to 1.2 /tin all showed satisfactory results. Since RNA molecules become bound to the substrate membrane in the course of synthesis, no additional transfer procedure is necessary, and the membrane can be directly used for analyzing the colonies. At the same time the agarose layer retains enough material to allow additional replicas to be prepared on fresh blotting membranes ( Figure IB,3) .
When [a-^PJ-labeled substrates were used for RNA synthesis the RNA colonies became detectable within die first 10 min of incubation at room temperature (not shown). After 40 min of growth at least 0.4 ng of RNA from an average colony were found on the original (substrate) membrane ( Figure IB,2) as estimated by counting the radioactivity of acid-insoluble material on the membrane, and at least 2 ng RNA remained in agarose judging by the intensity of ethidium bromide stain. Figure 1C presents the results of in situ hybridization of RQ RNA colonies with labeled probes. In this experiment the medium was inoculated with RQ87_ 3 RNA, a close relative of MNV11 RNA (13), that has been found in our laboratory among spontaneously grown RQ RNA species and also in the wild type Q)3 phage preparations (2). The (-) strand of this RNA was prepared by runoff transcription from the plasmid carrying the RQ87_ 3 (-) cDNA sequence next to the T7 RNA polymerase promoter. The figure demonstrates reproducibility of the colony pattern when the original and the replica membranes which had been contacted with the same agarose layer were hybridized with the RQ87_ 3 -specific probe. Analysis by gel electrophoresis of the material picked from individual RQ87_3-positive colonies confirmed that these colonies contained individual RNA whose size was the same as the size of the added RQ87_ 3 (-) RNA transcript (not shown).
Correspondence between the colony number and the number of added RNA molecules Figure 2 shows the results of an experiment where different numbers of RQ87_ 3 (-) RNA molecules were introduced into the growth medium prior to contacting the enzyme and substrate layers. Counting the number of colonies on the original autoradiograms showed that the addition of the diluted aliquots which were expected to contain 200 and 400 molecules of RQ87_ 3 (-) RNA resulted in a net increase of the colony number by 49 and 104, respectively, as compared with the control sample widi no added RNA template. The increments accounted for =25% of added molecules. This number varied from 10% to 40% in different experiments and depended on which RQ RNA species was used.
Thus, the number of RNA colonies is proportional and close to the number of added RNA molecules. The lower than 100% recovery can be due to a variety of reasons, such as dilution error (see the error estimate in Materials and Methods section), RNA losses due to adsorption on plastic ware (14), and the presence of some proportion of inactive RQ RNA molecules due to the errors of runoff transcription (15) Figure 3 in which different RQ RNA species were seeded and the resultant colonies were analyzed by hybridization with specific labeled probes. In these experiments we used RQ87_ 3 , RQ120_ 2 (5) and RQ135_! (8) RNA'transcripts bom as seeding material and as hybridization probes. Comparison of the hybridization patterns shows that the colonies comprised of each of these RQ RNA species are clearly distinguishable and that different RQ RNA species are found in different colonies.
Spontaneous RNA colonies
As seen from the above results, some RNA colonies grow spontaneously, i.e. widiout die addition of any RNA template. In a previous study we have found that this synthesis is mainly caused by airborne RQ RNAs (2). It was therefore expected that most of the spontaneously grown colonies would be comprised of the RQ RNA species frequendy used in the laboratory and mat the number of such colonies should depend on die RQ RNA concentration in die environment. The results of this paper show diat RQ87 RNA which was extensively used in the laboratory at die time of die experiments comprised more 'spontaneous' colonies dian did die rarely used RQ135 RNA ( Figure 3A ) and diat die number of spontaneously grown colonies decreased when the medium for RNA growdi was prepared outside the laboratory (cf. Figure 1A and Figure 1B ,2 displaying spontaneous colonies widi die density of 2.4 and 14.7 per cm 2 , respectively).
DISCUSSION
The results of diis study demonstrate diat RNA molecules can be cloned in vitro essentially as living cells or viruses. The in vitro nucleic acid cloning has a number of advantages over die in vivo cloning techniques. It is of one to two orders of magnitude faster, does not require competent cells, recovers a higher proportion of nucleic acid molecules as mere is no need for cell transformation and no penetration barriers exist, allows nucleic acids to be cloned widiout any constraints from cellular control, and permits die cloned nucleic acid to be analyzed and manipulated widiout dieir isolation or purification as die product of cloning is comprised of RNA molecules which are free from cellular RNA or DNA. Since die growdi of molecular colonies occurs in an open system, is not mediated by die cell and is not conditioned by cell survival, die medium composition and physico-chemical parameters can be voluntarily changed in a wide range. In particular, tiiis opens die possibility to clone nucleic acids containing modified nucleotides, to clone nucleic acids diat could be noxious to living cells (e.g. ribozymes or antisense RNAs) and to direcdy select and evolve nucleic acids on die molecular radier dian die cellular level. Q/3 replicase utilization sets some restraints on die RNA species diat can be cloned in vitro, as not every RNA can be amplified by diis enzyme (4,17). However, diis problem can be overcome by supplementing foreign sequences widi terminal segments derived from efficient Q/3 replicase templates (18-21). Furthermore, besides Q/3 replicase, any enzyme system capable of exponentially amplifying nucleic acids in vitro should be suitable for nucleic acid cloning in immobilized media, e.g. die isodiermal retroviral (3SR) amplification (22) or strand displacement amplification (SDA) (23), and the PCR (24, 25) . In contrast to Q/3 replicase, neidier of diese systems is confronted widi the template specificity problem, as any nucleic acid template can be amplified by utilizing a pair of suitable primers. The amplification factors of each of these reactions (= 10 7 ) should ensure obtaining 10" 17 mole of nucleic acid per colony which exceeds the currendy achievable detection limit of 10~1 8 to 10~1 9 mole of DNA or RNA in dot blots (26). Temperatureresistant media, such as a polyacrylamide gel, should be employed in the case of PCR.
Anodier problem is die spontaneous colony growdi caused by contamination of die medium widi outside nucleic acids. The contamination problem, however, is not specific for die cloning in vitro, and can be solved by ensuring a clean environment as follows from die results of diis work. A carryover of nucleic acids between samples can be effectively prevented by in situ sterilization of die amplification products (27).
The Q/3 replicase-based RNA colony technique can be used for studying die mechanism of RNA recombination in vitro. We have found RNA recombinants among me spontaneous products of die Q/3 replicase reaction (5,8), and diis finding was supported by die observations of otiier audiors, bodi in vivo (28) and in vitro (29). Use of die RNA colony technique will allow die products of even very rare recombination events to be identified against a large background (e.g. by die ability of respective colonies to hybridize widi two or more sequence-specific probes), and dien to be selected and analyzed.
Another implementation of diis technique can be very sensitive nucleic acid diagnostics. The sensitivity of the currendy employed amplification-based assays in liquid media is limited by die background nucleic acid syndiesis due to a limited amplification specificity. If amplification reactions were carried out in die immobilized media die target molecules and die non-specifically amplified nucleic acids would produce separate colonies, and dius would not compete widi each odier. Even solitary target molecules could be dien distinguished from die background by colony hybridization widi target-specific labeled probes. Such in vitro colony diagnostics is ideally suited for use in a combination widi the Q/3 replicase-based assays where a replicable RNA reporter is generated in a target-dependent reaction utilizing die target RNA or DNA as a template (30). RQ RNA reporters carrying short inserts targeted against viral or microbial sequences have been shown to be excellent Q/3 replicase templates (31, 32). However, die current diagnostic assays based on the amplification of replicable reporters in a liquid medium have a detection limit of some 10 4 target molecules per sample because of die interference from background RNA synthesis (32).
Finally, we would like to mention die possibility of utilizing die RNA colony technique for in vitro cloning of genes. Insertion of a foreign sequence into an RQ RNA can make diis sequence amplifiable as a part of the resultant recombinant molecule (18-21, 31, 32) . However, recombinant RNAs carrying long inserts are often outnumbered by die competing spontaneously growing RQ RNAs if amplified in a liquid medium (19). lobilization of the medium would ease this competition as •events the progeny of contaminating RNAs from spreading over the reaction volume. Recently RQ RNA:mRNA tmbinants were shown to be both amplifiable and expressible coupled reaction containing Q/3 replicase and a cell-free slation system (21, 33) . This observation opens the possibility carrying out cloning, selection and directed evolution of •mbinant mRNAs in an immobilized medium containing the iponents of the coupled replication-translation system. In such rmat mRNAs could be cloned, translated, and screened in for the translation products by probing with specific bodies, ligands, or substrates of an enzymatic reaction. 
